I. Introduction
IT IS WELL known that the hypothalamic paraventricular nucleus (PVN) is deeply involved in various homeostatic and/or stress responses. Magnocellular and parvocellular neurons in the PVN receive not only humoral signals from short and long loop feedback but also neuronal afferents from several regions in the brain; e.g., from the limbic system such as the amygdala and septum, circumventricular organs such as the subfornical organ and organum vasculosum laminae terminalis, other hypothalamic nuclei, and lower brain structures such as the dorsal raphe nucleus, locus ceruleus, medullary reticular formation and nucleus tractus solitarius [1] . After these signals are integrated, the PVN controls the secretion of pituitary hormones and the activity of the autonomic nerves by its direct and indirect projections to the median eminence, posterior pituitary and autonomic preganglionic neurons. Weightlessness has been shown to produce a wide range of neuroendocrine and autonomic responses such as cardiovascular, body fluid and metabolic changes. These reactions are attributed to changes in inputs from baroreceptors and volume receptors in the thoracic cavity, proprioreThis article was written as a memorial article for the Kawakami Prize of the Japan Endocrine Society awarded to the first author (Dr. T. Katafuchi) on December 3, 1994. ceptors in the muscles and tendons, and vestibular organs, which are normally required for posture control, i.e., orthostatic cardiovascular reflexes. Although the inputs from baroreceptors [2, 3] , muscle afferent nerves [4] and somatosensory systems [5] to the hypothalamic nuclei, including the PVN, have been reported since the 1960s, direct connections between the hypothalamus and cerebellum were first shown anatomically in the 1980s [6] . Subsequently, the functional significance of the cerebello-hypothalamic projections including roles of the cerebellar input to the neurosecretory cells in the regulation of vasopressin release has been demonstrated by electrophysiological studies [7, 8] .
In this review article, the importance of the cerebello-hypothalamic neuronal system during simulated weightlessness and orthostatic reflexes on earth will be demonstrated, and a possible role of this system in the regulation of the neuroendocrine and autonomic nervous systems will also be discussed. II (Fig. 1A) . Acute HDT induces central blood volume shifts which must stimulate atrial volume receptors or baroreceptors. The activation of baroreceptors has been shown to inhibit PVN neurosecretory cells [2, 3] and the secretion of vasopressin is suppressed by HDT in man [11] . Although our study did not show whether or not the PVN neurons, which responded to HDT, were neurosecretory, they were at least responsive to an intraperitoneal injection of hypertonic saline (Fig. 1B) [10] , which thus indicated a convergence of cardiovascular and osmotic stimuli onto the same neuron. It is thus suggested that the HDT-sensitive neurons may be neurosecretory and that the decrease in activity during HDT is caused, at least in part, by information from baroreceptors and volume receptors. However, about half of the neurons showing a decrease in activity during HDT were also suppressed during HOR suspension, which was not considered to induce central fluid shifts. The decrease in activity was not affected by touching the hindlimbs on a surface without flexing the joints during suspension (Fig. 1A) . Signals from sources other than baroreceptors, for example, from proprioceptors in extensor muscles, tendon organs and joints, but not from touch receptors, could therefore contribute to this response during HOR.
Furthermore, changes in the concentration of plasma vasopressin during acute central fluid shifts in heart-lung transplant subjects were similar to those in cardiac-innervated controls [12] . Therefore, the regulation of vasopressin secretion during exposure to simulated weightlessness cannot be completely explained by input from cardiac baroreceptors. Since the neurons in the cerebellar fastigial nucleus (FN) have been shown to respond to headtilting [13] , and an electrical stimulation of the FN results in changes in the plasma concentration of vasopressin [14, 15] , another possibility is that the vestibular inputs from the FN may be also responsible for changing the PVN neuron activity. In fact, direct connections from the FN to the PVN neurosecretory cells have been found in an electrophysiological study [8] (see section IV).
III. Neuronal
Afferents to the PVN Possible pathways involved in the changes in neuronal activity during body suspension
The body suspension study revealed that neurons in the PVN [10] and the lateral hypothalamic area (LHA) [16] altered their activity in response to HDT suspension.
The responses were considered to be caused by changes in the inputs from the baro-and volume receptors, muscle afferents, and vestibular organs. Furthermore, PVN neurons are sensitive to other somatosensory inputs such as pain (tail pinch) in rats [10] . It has also been reported that the neuronal activity of neurosecretory cells in the supraoptic nucleus is affected by the stimulation of polymodal fibers from skeletal muscle in cats [17] .
Concerning the pathways by which these different modalities affect the PVN neurons, several possibilities exist. For example, the signals from thoracic baroreceptors which perceive blood redistribution enter the nucleus tractus solitarius, and are then sent to the PVN directly, or via a relay nucleus such as the parabrachial nucleus in the pons [18, 19] . Input from the somatosensory system is considered to reach the hypothalamus multisynaptically via the mesencephalic reticular formation [5] . Degeneration studies have demonstrated the reticulo-hypothalamic pathways which are the so-called extralemniscal sensory system [20] . Proprioreceptive information which is proposed to alter the PVN neuron activity may also pass through this pathway. However, since the signals coming from muscle spindles are strongly associated with the vestibulo-cerebellar system, there is another possibility, i.e., these signals and the vestibular information itself are conveyed to the hypothalamus via the vestibular or the cerebellar nuclei. An electrophysiological study has shown that the lateral vestibular nucleus (Deiters') has polysynaptic connections with the LHA in rats [21] . Furthermore, it has also been suggested that baroreceptor of f erents from the carotid sinus nerves reach the cerebellar cortex [22] , so that at least some of the information from baroreceptors may also be sent to the hypothalamus through the cerebellum.
Pathways from the cerebellum to the hypothalamus [23] [24] [25] , which are closely related to the autonomic activities.
It is therefore considered that the cerebellar information concerning the autonomic component is sent not only to the brain stem but also to the upper brain structures, e.g., the hypothalamus. Since the medullary nuclei mentioned above have connections with the hypothalamic regions, such as the PVN and the lateral hypothalamic area [18, 20] , the cerebellar signals are thought to be conveyed via these nuclei. On the other hand, the hypothalamic regions such as the lateral and posterior hypothalamic area, ventromedial, dorsomedial and mammillary nuclei have direct projections to the anterior and posterior lobe of the cerebellar cortex which are exclusively ipsilateral.
We recently found a monosynaptic projection from the FN to the neurosecretory cells in the contralateral PVN by means of electrophysiological techniques.
IV. Fastigial
Inputs to the Neurosecretory
Neurons
Fastigial pressor response (FPR)
Several lines of evidence have indicated that the FN of the cerebellum is involved in the central regulation of cardiovascular functions associated with somatic-postural control. Electrical stimulation of the rostromedial region of the FN (usually by train pulses at 50 to 100 Hz for 10 sec) raises the arterial blood pressure through the activation of the sympathetic nervous system, the so-called fastigial pressor response (FPR) [27] , and an increase in the cerebral blood flow [28] , which were similar to responses in the orthostatic reflex. In addition, the orthostatic responses were attenuated by destruction of the FN [29] . Although it was suggested that the pressor response was not due to stimulation of perikarya in the FN but to that of axons of passage in cats [30] and rats [31] , the pressor response was also induced by a microinjection of an excitatory amino acid, glutamate, into the FN in dogs [321, and the FN neurons altered their neuronal activity in response to head-tilting [13] . It is therefore still possible that the FN takes part in postural and cardiovascular integration during the orthostatic reflex.
Circulating vasopressin, together with the sympathetic nervous system and the renin-angiotensin system, is known to play a role as an effector system of the orthostatic reflexes. Especially in quadriplegic subjects, this hormone is deeply involved in the maintenance of blood pressure in the head-up position [33] . Although stimulation of the FN has been found to modulate the secretion of vasopressin, the results have been contradictory. Hata and Miura first reported that the release of vasopressin evoked by bilateral carotid occlusion was suppressed by an electrical stimulation of the FN [14] , while in another study the stimulation of the FN was found to result in an increase in plasma vasopressin levels [15] .
Unit activity during FPR Neurosecretory cells were identified by the antidromically evoked action potentials following pituitary stalk stimulation in anesthetized rats. About 40% of the spontaneously firing neurosecretory cells in the PVN, including phasic firing neurons, were suppressed during the period of train stimulation of the contralateral FN [8] . Stimulation of the FN with a single pulse at 1 Hz, which did not change either the blood pressure or heart rate at all, produced an inhibitory response demonstrated by peristimulus time histograms. In addition, the suppression of the firing rates induced by train stimulation was also observed in animals denervated of the bilateral carotid sinus and vagus nerves. The inhibitory responses produced by a repetitive stimulation of the FN is therefore not secondary to hypertension. Both groups of neurosecretory neurons suppressed and unaffected by the systemic injection of phenylephrine were inhibited by FN stimulation, which suggested that not only vasopressin-secreting but also oxytocinsecreting neurons receive an inhibitory input from the FN (Fig. 2) .
The inhibitory influence of the FN on the PVN neurosecretory cell as demonstrated in our study agreed with finding that the stimulation of the FN suppressed the secretion of vasopressin [14] , but Del Bo et al. reported an increase in vasopressin caused by FN stimulation.
They found that the residual FPR, which was followed by the rise in blood pressure during FN stimulation that caused a second peak of hypertension in about 30% of the animals tested, could be due to a rise in the plasma vasopressin levels [14] . In our study 28% of the neurosecretory neurons inhibited by a train stimulation of the FN showed a rebound excitation lasting for 1-5 min after the termination of repetitive stimulation. Although its mechanism is not known, it is possible that this rebound phenomenon is related to an increase in vasopressin.
Monosynaptic inhibition of neurosecretory cells by FN stimulation
To further examine the synaptic nature of the fastigial inputs to the PVN, an in vivo intracellular recording from PVN neurons was performed in anesthetized rats [8] . Before the FN was stimulated, the membrane properties of the neurosecretory cells in the PVN were investigated and it was found that the input resistance of the neurosecretory cells was much higher than that of non-neurosecretory cells (117 MSS vs. 53 MSS).
In response to FN stimulation, about half of the neurosecretory neurons exhibited postsynaptic potentials, of which more than 80% were inhibitory (IPSPs), and thus these findings were comparable with the results of extracellular recordings. Furthermore, about 80% of the IPSPs were considered to be monosynaptically evoked since their latencies remained constant when the FN stimulus intensity was changed (Fig. 3A) . The reversal membrane potential of the IPSPs was approximately -85 mV . Non-neurosecretory cells also receive inhibitory synaptic inputs from the FN, although they are polysynaptic.
Anatomical studies did not demonstrate any connections from the cerebellum to the PVN [6] , but our results suggest the existence of direct pathways from the FN to the PVN. The exact route involved in the f astigio-hypothalmic connections is still unknown. We have shown that the lateral hypothalamic neurons also receive inhibitory monosynaptic projections from the FN. The inhib- A: the neuronal activity was inhibited by FN stimulation (indicated by a filled rectangle, 0.2 ms duration, 0.1 mA intensity, 60 Hz for 10 sec), which produced a fastigial pressor response, and by an intravenous infusion of phenylephrine (the arrow, 3 pg in 0.3 ml Ringer solution), which produced hypertension and bradycardia. B: the neuronal activity was inhibited by FN stimulation but was not affected by phenylephrine infusion. From ref [8] with permission. itory responses were unaffected by transection of the inferior cerebellar peduncle, although the pressor response was substantially abolished [7] . The fact that there are no efferent projections from the FN into the middle cerebellar peduncle suggests that fastigial projections to the hypothalamus may at least pass through the superior cerebellar peduncle. Stimulation of the FN evokes a defense reaction [34] in which the baroreflex may be strongly suppressed since both the blood pressure and heart rate rose during FN stimulation.
In fact it has been shown that FN stimulation does inhibit the baroreflex [35] . Circulating vasopressin inhibits the sympathetic outflow [36] but accelerates the efferent vagal tone [37] . It is therefore reasonable to assume that in reactions, such as the defense or fastigial pressor response, neurally mediated inhibition of the baroreflex is also accompanied by inhibition of the vasopressin release by the hypothalamo-neurohypophyseal system. Another possibility for the role of the inhibitory influence of the FN on vasopressin release is to inhibit an excess secretion of vasopressin in an upright posi- Ab, latency of IPSP was constant when the stimulus intensity was increased. B: the application of the hyperpolarizing current resulted in decreases in the IPSP amplitude and a polarity change. Reversal potential was -85 mV. From ref [8] with permission.
lion [14] .
It has been shown that the dorsal vagal complex (DVC) in the brain stem is innervated by vasopressinergic and oxytocinergic fibers, which, at least in part, originate in the PVN [38] . Since vagal motoneurons in the DVC are activated by the application of vasopressin through its direct action on the receptors [39] , vasopressin released from nerve terminals is thought to enhance the vagal tone by working as neurotransmitter/neuromodulators. It has also been proposed that magnocellular neurons projecting to the posterior pituitary and parvocellular vasopressinergic neurons to the DVC could be co-activated by certain stimuli, such as hypovolemia, cellular dehydration and nausea [40, 41] , suggesting co-operative actions of vasopressin in both the blood and brain. If non-neurosecretory cells recorded in our study contain the vasopressinergic neurons projecting to the brain stem, vasopressin released in the DVC would be reduced during FN stimulation, since non-neurosecretory cells also receive inhibitory input from the FN. This hypothesis may be consistent with the inhibitory effects of FN stimulation on baroreflex by reducing both the circulating and brain vasopressin concentrations.
Stimulation
of the rostral portion of the FN has been found to evoke not only cardiovascular responses but also such complex behavior as grooming, feeding and attacking [42] . In addition to the direct connections between the FN and the PVN, anatomical and electrophysiological studies have shown that the FN is connected to several other parts of the hypothalamus such as the lateral hypothalamic area and the ventromedial nucleus [6, 7] , which are known to play an important role in feeding and other emotional behavior.
It is possible that the pathways between the cerebellum and the hypothalamus may therefore be important in modulating a number of different types of behavior. VI 
